Introduction
Rap 1A and 1B are 490% homologous and may have similar intracellular functions (Noda, 1993) . Rap 1A was found initially as an antagonist to Ras function but clearly Rap 1A and 1B are involved in signal transduction pathways that are independent of Ras (Kitayama et al., 1989; Bos et al., 1997) . The study of the role of Rap 1A/1B in intracellular signaling has been hampered by the lack of a suitable assay to measure their activation state. Franke et al. (1997) described an innovative method to assess Rap 1 activation that uses the Rap binding domain (RBD) of Ral GDS as an activation-speci®c probe. This 97 amino acid peptide has an extremely high anity for Rap´GTP with a K D of 10 nM whereas its anity for Rap´GDP is undetectably low (Herrmann et al., 1996; Franke et al., 1997) . By adding a tag to the RBD peptide, it can be immobilized on a solid phase allowing Rap´GTP to be removed eciently from cell extracts; the precipitated Rap´GTP is detected by Western immunoblotting . Although this method is highly sensitive and speci®c, it is only semi-quantitative because it ultimately relies on immunoblotting. Moreover, it provides only an assessment of Rap´GTP and not of the activation state of Rap 1, i.e., the per cent of Rap 1 molecules in the active GTP-bound state which requires a measurement of total Rap-bound guanine nucleotides. Assessing total cellular Rap 1 by immunoblotting is helpful but again only semiquantitative (Posern et al., 1998) . Rap 1 activation has been assessed by other methods but these require transfecting cells with a tagged-version of Rap and/or incubating cells with high amounts of 32 PO 4 (Altschuler et al., 1995; Vossler et al., 1997; Boussiotis et al., 1997) . In this work we describe a quantitative method to assess Rap 1 activation which does not require manipulation of the cells and we have applied this method to cultured cells; the method can also be used to assess Rap 1 activation in tissue samples.
Previous work has suggested that Rap 1A may be important to dierentiation of the human leukemic cell line HL-60 (Adachi et al., 1992; Yamashiro et al., 1993; Kurachi et al., 1997; Rubinfeld et al., 1991) . HL-60 cells grow as myeloblasts and promyelocytes and can be induced to dierentiate by a variety of compounds including cyclic nucleotides and nitric oxide (NO) (Collins et al., 1978; Chaplinski and Niedel, 1982; Boss, 1989) . The transforming principle of HL-60 cells is a mutationally-activated N-Ras and we have shown that Ras is highly activated in HL-60 cells and that its activation state does not change during chemicallyinduced dierentiation (Murray et al., 1983; Pilz et al., 1998) . We isolated a variant subline of HL-60 which no longer dierentiates in response to membrane-permeable cGMP analogs or NO-generating agents and found that these cells have defective post-translational processing of Rap 1A (Scheele et al., 1998a,b) . Using the new method to assess Rap 1 activation, we show that Rap 1 is activated when parental HL-60 cells are treated with membranepermeable cGMP or cAMP analogs but not when the variant cells are treated with these drugs. In addition, we found that the cAMP-induced activation of Rap 1 in parental HL-60 cells is not dependent on cAMPdependent protein kinase (A-kinase) suggesting Rap 1 is activated under these conditions by a cAMPregulated GEF.
Results

Measurement of Rap 1 activation
To quantitatively measure Rap 1 activation required determining the amount of Rap-bound GTP as well as Rap-bound GTP plus GDP. To measure Rapbound GTP, we used the RBD peptide to precipitate Rap´GTP from cell extracts and we measured GTP eluted from Rap using an enzymebased method (Scheele et al., 1995; Pilz et al., 1997; Guha et al., 1996 Guha et al., , 1997 Prigent et al., 1996; Liu et al., 1998; Egawa et al., 1999; Sharma et al., 1998) . To determine the sum of Rap-bound GTP and GDP, we converted Rap´GDP to Rap´GTP by incubating half of the cell extract with 10 mM GTP and then measured Rap´GTP as described above. The exchange of GTP for GDP on small G proteins such as Rap 1 is rapid and ecient when puri®ed protein preparations are incubated with GTP in the absence of magnesium ion Quilliam et al., 1990 ), but we were concerned about achieving full exchange in crude cell extracts. To address this question, we transfected BHK cells with GST-tagged Rap 1A and after extracting the cells, split the extract into two halves, one of which was incubated with GTP; the GST-tagged Rap 1A was isolated from both halves of the extract and guanine nucleotides bound to the Rap 1A were eluted and measured. In the half of the extract incubated with GTP, the amount of GTP measured should represent total nucleotides bound to Rap, i.e., the sum of Rapbound GTP plus GDP; in the half of the extract not incubated with GTP, the sum of GTP plus GDP was measured after enzymatically converting GDP to GTP as described in Materials and methods. We found that total nucleotides bound to Rap were similar in both halves of the extract (Table 1) indicating that the exchange of GTP for GDP was complete in the half of the extract incubated with GTP. Rap-bound GTP could be measured only in the half of the extract not incubated with GTP and using these data the activation state of transfected Rap 1A was calculated at 16 ± 18% (Table 1) .
We found that 10 mM GTP was sucient for complete exchange of GTP for GDP on Rap 1, but excess free GTP had to be separated from Rap-bound GTP. This was achieved by extracting cells in a buer containing a combination of Triton X-114 and X-45 which separates into aqueous and detergent phases at temperatures above 158C (Bordier, 1981; Hancock et al., 1989; Ganong and Delmore, 1991) . For both HL-60 cells and BHK cells, we showed that 498% of free GTP partitioned into the aqueous phase and that virtually all of Rap 1 partitioned into the detergent phase ( Figure 1 shows HL-60 cells only; an approximate 18 kDa protein in the cell lysate (lane 1) that cross-reacted with the Rap 1 antibody partitioned into the aqueous phase (lane 2) while Rap 1 partitioned only into the detergent phase (lane 3); as shown later in Figure 3c ,d, we found that this cross-reacting protein did not bind to the RBD peptide).
We found a linear response in the amount of total Rap-bound nucleotides measured over a 20-fold range of cell number between 0.5610 6 to 10610 6 HL-60 cells (Figure 2 ; extracts were incubated with GTP to convert Rap´GDP to Rap´GTP). Thus, over the range of cell numbers used experimentally, the RBD appears to quantitatively isolate Rap´GTP from cell extracts and the assay provides an accurate measurement of Rap activation to levels as low as 5%.
The RBD peptide is a highly speci®c probe for Rap 1 because it has a 100 times greater anity for Rap 1 than for Ras and it does not bind to other small G proteins (Herrmann et al., 1996) . To be certain that Ras´GTP was not precipitated from cell extracts by the RBD peptide under our conditions, we preincubated extracts with the Ras-speci®c antibody Y13-259 prior to adding the RBD peptide in some experiments. Antibody Y13-259 has a very high anity for Ras and eectively blocks the Ras eector domain, thereby preventing Ras from interacting with the RBD peptide (Hattori et al., 1987) . We found no change in the amount of Rap-bound GTP or in total nucleotides bound to Rap in the presence or absence of antibody Y13-259 making it unlikely that Ras was interfering with our measurements of Rap 1 activation. Moreover, since our method for assessing nucleotides bound to Rap 1 is quantitative and since Rap 1, like other small G proteins likely exists only in a nucleotide-bound state, we can calculate that there is about six times more Rap 1 expressed in HL-60 cells than Ras (compare the data in Figure 2 and Table 2 to previously-published data on Ras-bound nucleotides in HL-60 cells (Pilz et al., 1997) ). BHK cells were transfected with GST-tagged Rap 1A and were extracted 48 h later. To half of the extract was added 10 mM GTP (to exchange GTP for GDP on Rap); Rap 1A was isolated from both halves of the extract using glutathione-Sepharose beads and GTP and GDP were eluted from the isolated Rap. In the half of the extract that underwent GTP exchange, GTP was measured by enzyme-based methods described in Materials and methods and in the half of the extract that did not undergo GTP exchange, the sum of GTP plus GDP was measured, also by enzyme-based methods. Rap-bound GTP could be measured only in the half of the extract that did not undergo GTP exchange. The data are the mean of two independent experiments performed in duplicate Figure 1 Partitioning of Rap 1 in Triton X-114-containing cell extracts. HL-60 cells were extracted on ice in 0.9% Triton X-114/ 0.1% Triton X-45 and aqueous and detergent phases were generated by warming the extracts to 158C as described in Materials and methods. The detergent phase was diluted to the same volume as the aqueous phase and identical amounts of each phase were subjected to SDS ± PAGE/Western immunoblotting. Rap 1 was detected using antibody SC-65 (Santa Cruz Biotechnology). Lanes 1 ± 3, parental HL-60 cells and lanes 4 ± 6, variant HL-60 cells; lanes 1 and 4, total cell lysate, lanes 2 and 5, aqueous phase, lanes 3 and 6, detergent phase
Rap 1 activation in cAMP-and cGMP-treated parental HL-60 cells HL-60 cells dierentiate along the myelomonocytic lineage when treated with membrane-permeable cAMP or cGMP analogs or with agents that increase the intracellular cAMP or cGMP concentrations (Chaplinski and Niedel, 1982; Boss, 1989) . Since there is evidence that Rap 1A plays a role in dierentiation of HL-60 cells (Adachi et al., 1992; Yamashiro et al., 1993; Kurachi et al., 1997; Rubinfeld et al., 1991; Scheele et al., 1998b) , we assessed Rap 1 activation in HL-60 cells treated with 8-pCPT-cAMP or 8-pCPTcGMP ( Figure 3a , ®lled bars and Figure 3b , respectively). In unstimulated, serum-starved HL-60 cells, *13% of Rap 1 was in the GTP-bound state and we found that both cyclic nucleotide analogs induced a more than twofold increase in Rap 1 activation within 5 min which returned to basal levels by 30 min (the increase at 5 min for both 8-pCPT-cAMP and 8-pCPTcGMP was statistically signi®cant, P50.05). Rap 1A is the predominant isoform of Rap 1 in human neutrophils (Quilliam et al., 1991 ) and since we have made similar observations in HL-60 cells (Scheele JS and Boss GR, unpublished data) , it seems likely we are observing increased Rap 1A activation. We compared our method for assessing Rap 1 activation with the immunoblotting method described by Franke et al. (1997) : the immunoblotting method barely detected an increase in Rap´GTP in HL-60 cells treated for 5 min with 8-pCPT-cAMP ( Figure  3c, compare lanes 2 and 4) , indicating it was less sensitive than measuring Rap 1 activation quantitatively by the enzymatic method. When we incubated cell extracts with GTP prior to adding electrophoresis sample buer and generating immunoblots, we found a similar amount of Rap 1 in these samples as in the total cell lysate (Figure 3c , compare lanes 3 and 5 to lane 1) con®rming that the exchange of GTP for GDP was complete and that the GST-tagged RBD peptide quantitatively precipitated Rap 1 from cell extracts. Although A-kinase phosphorylation of Rap 1A/1B (Lapetina et al., 1989; Quilliam et al., 1991) could potentially aect Rap 1 distribution between aqueous and detergent phases, we found no eect of cAMP on Rap 1 partitioning (Figure 3d , compare lanes 2 and 4).
The mechanism of Rap 1 activation by cAMP has been proposed to be through either an A-kinasedependent mechanism or a cAMP-regulated guanine nucleotide exchange factor (cAMP-GEF) (Altschuler et al., 1995; De Rooij et al., 1998; Kawasaki et al., 1998) . To distinguish between these possibilities, we treated HL-60 cells with the A-kinase inhibitor H-89 prior to adding 8-pCPT-cAMP. We found no eect of H-89 on Rap 1 activation (Table 2) at a concentration of H-89 that clearly inhibited A-kinase phosphorylation of the transcription factor CREB (Figure 4) . Thus, 8-pCPTcAMP activated Rap 1 through an A-kinase-independent mechanism in HL-60 cells.
Rap 1 activation in cAMP-and cGMP-treated variant HL-60 cells
We previously isolated variant HL-60 cells which appear to have a defect in proteolytic cleavage or carboxyl methylation of Rap 1A (Scheele et al., 1998b) . Since the activity of nucleotide exchange factors towards Ras family members, including Rap 1, requires post-translational modi®cations of the G protein (Orita et al., 1993 , we assessed Rap 1 activation in the variant cells. We found that 8-pCPT-cAMP did not signi®cantly increase Rap 1 activation in the variant cells under conditions where Rap 1 activation doubled in parental cells (Figure 3a , compare open bars, variant cells, to closed bars, parental cells); similar results were found for 8-pCPT-cGMP (data not shown). As we described previously (Scheele et al., 1998b) , Rap 1A undergoes geranylgeranylation in the variant cells and we found that it partitioned fully into the detergent phase, similar to Rap 1A from parental cells (Figure 1 , compare lane 6 to lane 1). The incomplete processing of Rap 1A in the variant cells may be the cause of the decreased activation by cAMP. were extracted as described in the legend to Figure 1 and the extracts were incubated for 10 min with 10 mM GTP prior to two temperature-dependent phase extractions. Rap´GTP was isolated by binding to GST-tagged RBD and the GTP was eluted from Rap and measured in a coupled enzymatic assay as described in Materials and methods. The data are expressed as Rap-bound GTP per microgram of cellular DNA and are the mean+s.d. of two independent experiments performed in duplicate (error bars are too small to be visible for the ®rst two data points) 
Discussion
Many growth factors and other agents including cAMP activate Rap 1 in various cell types but the precise role of Rap 1 in cellular signaling is unknown (Altschuler et al., 1995; Franke et al., 1997; Posern et al., 1998; M'Rabet et al., 1998; Bos et al., 1997; . Clearly, Rap 1 functions in more ways than as a Ras antagonist: it directly activates B-Raf kinase in PC-12 cells and it is mitogenic and oncogenic in Swiss 3T3 cells (Vossler et al., 1997; Yoshida et al., 1992; Altschuler and Ribeiro-Neto, 1998) . Since there are no antibodies which eciently immunoprecipitate Rap 1, Franke et al. (1997) developed a method for assessing Rap 1 activation using the RBD of Ral GDS as a probe for GTP-bound Rap 1; the RBD peptide prevents RapGAPs and RapGEFs from interacting with Rap 1 (Herrmann et al., 1996) but, unfortunately, the method is only semiquantitative since it relies on immunoblotting. We extended this method and developed a direct quantitative measure of Rap 1 activation which can be applied to tissue samples and we are presently assessing Rap 1 activation in human cancers. We found that the activation state of Rap 1 was *13% in parental HL-60 cells in a serum-starved nonstimulated state which is very similar to the 14% Rap 1B activation reported in serum-starved nonstimulated PC-12 cells transfected with poly-histidinetagged Rap 1B and metabolically labeled with 32 PO 4 (Vossler et al., 1997) . This degree of Rap 1 activation is higher than we (Scheele et al., 1995) and others (Satoh et al., 1990) have found for basal activation of wild type non-mutated Ras and may be attributed to the threonine in position 61 of Rap 1 which decreases the intrinsic GTPase activity of Rap 1 10-fold compared to Ras (Kitayama et al., 1989; Hart and Marshall, 1990) . We found the activation of endogenous Rap 1 in HL-60 cells to be similar to the activation of transfected Rap 1A in BHK cells; to avoid saturation of endogenous RapGEFs and RapGAPs, the transfected Rap 1A was expressed at relatively low levels in the BHK cells (as determined by immunoblotting (data not shown) and by comparing total nucleotide-bound Rap1 in HL-60 cells to that of transfected Rap 1A in BHK cells (Tables 1 and 2) ). Expression of transfected Rap 1 at supraphysiological levels can saturate endogenous regulatory proteins leading to spurious results .
The mechanism for cAMP increasing Rap 1 activation in HL-60 cells could involve A-kinase, a cAMP- 1 and 2) or presence of H-89 (lanes 3 and 4, 20 and 40 mM, respectively) with cAMP present for the last 5 min (lanes 2 ± 4). Cells were extracted in SDS sample buer and an immunoblot was generated using an anti-phospho-CREB antibody. The antibody cross-reacts with phosphorylated ATF-1 which is the faster migrating band (Akinase also phosphorylates ATF-1) GEF, or both. In PC-12 cells, cAMP-mediated activation of Rap 1 appears to be A-kinase-dependent whereas in CHO cells it is A-kinase-independent (Yao et al., 1998; De Rooij et al., 1998) . A-kinase phosphorylation of transfected Rap 1B in NIH3T3 cells increases its activation (Altschuler et al., 1995) and A-kinase phosphorylation of puri®ed Rap 1B increases its anity for smg GDS (Hata et al., 1991) . There are at least two cAMP-GEFs that activate Rap 1 independently of A-kinase and one of them appears to be widely distributed, although it was not detected in bone marrow (Kawasaki et al., 1998) . Our ®nding that the A-kinase inhibitor H-89 did not interfere with cAMP activation of Rap 1 in parental HL-60 cells suggests that cAMP activates Rap 1 in these cells via a cAMP-GEF-mediated mechanism.
Previous work from several other laboratory groups has suggested that Rap 1 may be important for both myelocytic and monocytic dierentiation of HL-60 cells (Adachi et al., 1992; Yamashiro et al., 1993; Kurachi et al., 1997; Rubinfeld et al., 1991) . For example, Rap 1 mRNA increases during phorbol esterinduced dierentiation of HL-60 cells (Adachi et al., 1992; Yamashiro et al., 1993) and HL-60 cells express two dierent forms of RapGAP, p130 RapGAP and p85/95 RapGAP; p130 RapGAP decreases during phorbol ester-induced dierentiation of HL-60 cells and p85/95 RapGAP decreases during dimethyl sulfoxide-induced dierentiation of HL-60 cells (Kurachi et al., 1997; Rubinfeld et al., 1991) . Rap 1 has also been shown to regulate dierentiation in Drosophila photoreceptor cells (Hariharan et al., 1991; Asha et al., 1999) and Rap 1B is required for cAMP-induced dierentiation of PC12 cells (Vossler et al., 1997) .
The variant HL-60 cells used in these studies have defective post-translational modi®cation of Rap 1A and we now show that Rap 1 is not activated by cAMP or cGMP in this HL-60 subline. It has been shown that all three post-translational modi®cations of Rap 1 are necessary for full activation of Rap 1 by smg GDS and because cyclic nucleotides did not activate Rap 1 in the variant cells, our data suggest that full post-translational modi®ca-tion of Rap 1 may be necessary for the action of cAMP-GEFs on Rap 1. Whether the activation of Rap 1 by 8-pCPT-cGMP occurred through crossactivation of one of the identi®ed cAMP-GEFs (De Rooij et al., 1998; Kawasaki et al., 1998; Pham et al., 2000) or through a novel cGMP-binding RapGEF is under investigation. Further study of the variant cells should help to provide information about the role of Rap 1A in cellular signaling.
Materials and methods
Cell culture and cell transfection studies HL-60 cells and baby hamster kidney (BHK) cells were from the American Type Culture Collection and were cultured as previously described (Boss, 1989; Gudi et al., 1996) ; the isolation and characterization of the variant HL-60 cells has been described . In experiments where HL-60 cells were treated with 8-(4-chlorophenylthio)cAMP (8-pCPT-cAMP) or 8-pCPT-cGMP, the cells were serum starved for 48 h in Iscove's Modi®ed Dulbecco's medium containing 0.2% bovine serum albumin prior to adding the drugs at a ®nal concentration of 250 mM. In experiments with H-89, cells were treated for 30 min with 20 or 40 mM of the drug and then with 250 mM 8-pCPT-cAMP for 5 min. BHK cells were transfected as previously described with 2 mg of a mammalian expression vector encoding glutathione S-transferase (GST)-tagged Rap 1A under control of the CMV promoter Gudi et al., 1996; Suhasini et al., 1998) .
Conversion of Rap´GDP to Rap´GTP and isolation of Rap´GTP using the RBD peptide
Approximately 2 ± 106 6 HL-60 cells were extracted on ice in a HEPES-based buer (Scheele et al., 1995) containing protease inhibitors and 0.92% Triton X-114/0.08% Triton X-45 (Bordier, 1981; Ganong and Delmore, 1991) . One half of the extract was used for isolating Rap´GTP and this half of the extract immediately received 20 mM MgSO 4 . In the other half of the extract, Rap´GDP was converted to Rap´GTP by incubating the extract with 10 mM GTP and 10 mM EDTA for 10 min at 48C and then 20 mM MgSO 4 was added to the extract. Free GTP not bound to Rap was removed from both halves of the extracts by two successive temperature-dependent phase extractions: extracts were placed in a 158C water bath for 1 min and centrifuged at room temperature at 10 0006g for 1 min; the aqueous supernatant was discarded and the detergent phase containing Rap 1 was diluted 10-fold with ice-cold lysis buer lacking detergent. To the extracts were added 20 ml of glutathione Sepharose beads which had been pre-incubated with *80 mg of GST-tagged RBD peptide (produced in bacteria using the pGEX-RGF97 expression vector generously provided by JL Bos Herrmann et al., 1996) ). The mixture was shaken gently for 1 h at 48C, the beads were washed four times in lysis buer and GTP bound to the isolated Rap 1 was eluted by heating to 958C as described (Scheele et al., 1995) .
Isolation of GST-tagged Rap 1A from BHK cells
Forty-eight hours after transfection, BHK cells were extracted in 1% Triton X-100 and the extracts were incubated with glutathione Sepharose beads. After shaking for 1 h at 48C, the beads were washed and GTP and GDP were eluted as described above.
Measurement of GTP
GTP was measured by conversion to ATP using the enzyme nucleoside diphosphate kinase and the resulting ATP was measured by the ®re¯y luciferase system; this assay is sensitive to 1 fmol of GTP and has been described previously (Scheele et al., 1995; Pilz et al., 1997; Guha et al., 1996 Guha et al., , 1997 Prigent et al., 1996) . In experiments where BHK cells were transfected with GST-tagged Rap 1A, the sum of GTP plus GDP bound to Rap 1A was measured by converting GDP to GTP using the enzyme pyruvate kinase (Sharma et al., 1998; Liu et al., 1998; Egawa et al., 1999) and total GTP was then measured.
Assessment of Rap 1 activation by immunoblotting
Rap 1 was isolated from cell extracts using the RBD peptide as described above and was eluted from the glutathione Sepharose beads in SDS sample buer. The samples were subjected to polyacrylamide gel electrophoresis (PAGE) and Western immunoblotting using an anti-Rap 1 antibody as described previously (Scheele et al., , 1998b .
Assessment of CREB phosphorylation
HL-60 cells were extracted in SDS sample buer and an immunoblot was generated using an anti-phospho-CREB (Ser133) antibody according to the manufacturer's protocol (New England Biolabs).
